Picric acid (PA) as an environmental pollutant and high explosive, has recently received considerable attention. In this paper, a novel fluorescent and colorimetric chemo-probe (L) for the highly selective and sensitive detection of picric acid has been revealed. The probe was facilely constructed using rhodamine B, ethylenediamine and 4-(9H-carbazol-9-yl)benzoyl chloride. Significant fluorescence changes based on an intramolecular fluorescence resonance energy transfer (FRET) effect followed by a distinct color change from colorless to pink were observed after addition of picric acid to the probe solution. Selectivity measurements revealed that the as-synthesized probe exhibited high selectivity toward PA in the presence or absence of other analytes. The experimental titration results suggested that the as-synthesized probe is an effective tool for detection of PA with a nanomolar scale detection limit (820 nM) and could also serve as a "naked-eye" indicator for PA detection.
Introduction
Picric acid (PA), a typical water soluble polynitroaromatic compound, has been widely used in the manufacture of rocket fuels, 1 reworks, 2 matches, 3 dyes, 4 medicines and pesticides. 5 Its heavy use has caused severe environmental pollution 6 and public health issues, 7 such as headaches, weakness, anemia and liver injury. Another important concern regarding picric acid is its high explosive detonation properties and low safety coefficient, which might be used for terrorist attacks. 7 Hence, there is an urgent need for convenient and specic analytical methods for the detection of picric acid. Especially, a high selectivity "naked-eye" probe is highly desirable.
Currently, various universal analytical techniques and platforms such as high performance liquid chromatography (HPLC), 8 Raman spectroscopy, 9 ion-mobility spectroscopy (IMS) 10 and electrochemical methods 11 etc., have been established for the detection of nitrogen containing aromatic (NCAs) explosives including picric acid. Although remarkable progress has been made for the above mentioned methods, some drawbacks such as high cost, less selectivity and lack of real-time monitoring limit their practical applications. Luckily, uorescence and colorimetric sensors 12, 13 has emerged as a promising analysis technique in recent years and various novel materials have been designed and synthesized. For example, functional small organic molecules, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] metal or nonmetal nanoparticles, 24, 25 metal organic frameworks (MOFs), [26] [27] [28] [29] [30] [31] etc. However, the uorescence "turnon" type and "naked-eye" sensors are still highly desirable for simple, sensitive, and selective detection of PA.
In this work, we report a uorescent-colorimetric molecular probe L (Scheme 1) for the highly selective and sensitive detection of picric acid. The probe was facilely synthesized using rhodamine B, ethylenediamine and 4-(9H-carbazol-9-yl)benzoyl chloride. Distinct color change and rapid "turn-on" uorescence were observed when treated L with picric acid, which revealed its potential application as a "naked-eye" and uorescent indicator for picric acid. Furthermore, several advantages such as ready availability of the starting materials, efficient synthetic routes and nanomolar level (820 nM) detection limitation make this probe an useful chemosensor for PA detection. 13 C NMR 125 MHz) spectrometers using DMSO-d 6 , CD 3 Cl, and CD 3 OD as the solvents at 298 K. The chemical shis were reported in parts per million (ppm). MS spectra were recorded on a Waters Micromass Quattro Micro API LC-MS in electrospray ionization mode and HRMS spectrum was measured on a LC-Q-TOF (ESI) apparatus. The FT-IR spectra were measured on a Shimadzu IR Affinity-1S FT-IR Spectrophotometer using the KBr pellet. Fluorescence spectra were recorded on an Agilent Cary Eclipse uorescence spectrophotometer and the excitation wavelength is 314 nm (with excitation slit of 2.5 nm and emission slit of 5.0 nm) or 500 nm (with excitation slit of 2.5 nm and emission slit of 5.0 nm) at room temperature. Absorption spectra were monitored on a Shimadzu UV-2550 spectrophotometer.
The 4-(9H-carbazol-9-yl)benzoyl chloride was synthesized from 4-(9H-carbazol-9-yl)benzoic acid and thionyl chloride (ESI, Part I †). The N-(rhodamine-B)lactam-ethylenediamine was synthesized according to the reported methods (ESI, Scheme S2 †) and puried by recrystallization from anhydrous ethanol. The other chemical reagents were purchased from commercial suppliers and used without further purication.
The stock solutions of Warning! Picric acid is highly explosive and should be handled carefully in small quantities.
Synthesis of the probe (L)
The puried N-(rhodamine-B)lactam-ethylenediamine (484 mg, 1.0 mmol) and triethylamine (2 mL) were dissolved in dry chloroform (5 mL) and then added to a three-necked ask. 4-(9H-carbazol-9-yl)benzoyl chloride (336 mg, 1.1 mmol) in dry chloroform (5 mL) was added dropwise to the ask over 1 h. The resulting mixture was stirred at room temperature under nitrogen atmosphere until completion of the reaction (monitored by TLC). The mixture was ltered and the ltrate was evaporated under reduced pressure. The crude product was puried by column chromatography using EtOAc-PE (1 : 2) as eluent. 
Results and discussion

Solvent selection and response kinetics
In order to obtain a suitable and green reaction system, the uorescence intensity of L in the presence or absence of PA was studied in different solvents (l ex ¼ 500 nm, l em ¼ 586 nm, slits: 2.5 nm/5 nm). As shown in Fig. 1 , no-uorescence was detected in the absence of PA in all the tested solvents. However, remarkable turn-on uorescence enhancement was observed aer the addition of PA in methanol (MeOH) and ethanol (EtOH) solution which were more efficient hydrogen bond donors. Meanwhile, the uorescence intensity was extremely weak in dimethyl formamide (DMF) and tetrahydrofuran (THF). Hence, ethanol was chosen as the solvent for the following uorescent and colorimetric tests. The uorescence and UV-vis spectra of the probe solution (20 mM) were recorded every 5 min aer addition of PA (200 mM). As depicted in Fig. S10 , † a new and remarkable uorescence enhancement at the wavelength of 586 nm could be observed aer addition of PA for 5 min. With increasing the response time, the uorescence intensity increased and reached the maximum aer 80 min (Fig. 2a) . Correspondingly, a new UV-vis absorption band centered at 560 nm appeared aer addition of PA for 5 min (Fig. S11 †) and the absorbance intensity reached the equilibrium at 80 min ( Fig. 2b and S11 †) . Hence, all the uorescence and UV-vis spectra were recorded at 80 min aer addition of PA at room temperature. It is worth mentioning that, a recognizable color change of the probe solution from colorless (without PA) to pink (aer reacted with PA) was observed together with the above mentioned process.
Selectivity of the probe L
Probe solutions (2 mL, 20 mM) were treated with various phenols (4-MP, p-DHB, p-HBA) and NCAs (PA, p-NP, o-NP, p-NBA, 5-AIPA, p-NPH, 2,4-DNPH, PH, m-NA and TNT) at the same concentration (200 mM) for the selectivity studies. The UV-Visible absorbance spectra were shown in Fig. 3a . Obviously, a new absorption band centered at about 560 nm occurred only when adding PA to the solution. As recorded in the photograph (Fig. 3b) , the solution color changed from colorless to pink aer the addition of PA. This could be attributed to the formation of the spiro-lactam ring-opening product, which implied that the as-synthesized molecular probe L might be served as a "nakedeyes" probe for PA.
The selectivity of this probe was further evaluated by observing the uorescence spectra of the probe solutions in the presence of various analytes. We chose 314 nm as the excitation wavelength because there was an absorbance band centred at 314 nm for the free probe solution, which could be attributed to the absorbance of 4-(9H-carbazol-9-yl)benzamide uorophore (Fig. S12 in ESI †) . For the original solution of probe L, a uo-rescence emission at the wavelength of 420 nm occurred (Fig. 4a) based on the emission of the 4-(9H-carbazol-9-yl) benzamide uorophore. Interestingly, aer the addition of analytes including phenols and NCAs, this emission band changed irregularly, but only PA generated a remarkable new emission band centered at 586 nm. It can be seen that the uorescence emission peak red-shied from 420 nm to 460 nm and the intensity decreased in the presence of PA. Particularly, a strong uorescence emission at 586 nm could be clearly observed, which resulted from the emission of the newly formed delocalized xanthane uorophore (spiro-lactam ringopening product). Fig. 4b displays the photograph of probe solutions with different analytes under 365 nm UV-light. A bright orange emission was observed aer adding PA to the probe solution, which was obviously different from other solutions. For the compound 5-AIPA, the solution emitted bright blue uorescence which might be due to the enhancement effect of 5-AIPA and probe (Fig. 4a) .
The interference measurements were carried out by recording the uorescence emission intensity changes (l em ¼ 586 nm) aer adding 200 mM other analytes (phenols and other NCAs) to the mixture of L and PA (L 20 mM and PA 200 mM). As shown in Fig. 5 , no remarkable uorescence intensity change was observed for the mixture solution (probe 20 mM and PA 200 mM) before and aer addition of interfering compounds (200 mM). These results demonstrated that the as- synthesized probe L is highly selective towards PA and its response cannot be interfered by other compounds in ethanol solution.
Sensitivity of probe L
The sensitivity were assessed by observing the uorescence and UV-visible spectra of probe solution (2 mL, 20 mM) with different concentration of PA (0-300 mM). In addition, all the uores-cence and UV-vis spectra were recorded at room temperature and the measurement system were transparent and homogeneous. Fig. 6a (le) shows that there is no absorption band at wavelength range from 500-600 nm in the absence of PA and the probe solution is colorless (Fig. 6b) . However, a new absorption band centered at 560 nm appeared when upon addition of 15 mM PA. With increasing the concentration of PA from 15 mM to 280 mM, the absorbance intensity at 560 nm steadily increased and leveled off to a constant value at 280 mM, accompanying with a gradual color change from colorless to pink (Fig. 6b) . Linear tting curves of the absorption intensity at 560 nm versus the concentration of PA were obtained, and displayed in Fig. 6a (right) . Obviously, the absorbance intensity displays two good linear correlations with the concentration of PA in the range of 15-60 mM (R 2 ¼ 0.9869) and 70-180 mM (R 2 ¼ 0.9924). The detection limit of L for PA calculated according to the eq. 3s/k (ref. 32 and 33) was 820 nM, indicating the probe molecule is high sensitive to PA. To further investigate the detection performance of the probe (L) towards PA, a series of uorescence titration experiments were carried out. As shown in Fig. 7a , the uorescence emission intensity at 420 nm gradually decreased and the emission peak shied from 420 to 460 nm with the increasing of PA concentration. Most importantly, a new uorescence emission band at 586 nm appeared aer the addition of 15 mM PA, and the intensity increased gradually in this process. (Photograph of probe solutions with different concentration of PA under 365 nm UV light was exhibited in Fig. S13 †) . Linear tting analysis (l ex ¼ 314 nm, l em ¼ 586 nm) according to the uorescence titration experiments was created and displayed in Fig. 7b . As shown in Fig. 7b , the emission intensity at 586 nm show a good linear relationship with R 2 ¼ 0.9874 over the range of 10 mM to 50 mM, which indicating good sensing properties for PA. Interestingly, a uorescence resonance energy transfer (FRET) phenomenon might occurred in the molecule of L. The emission at 420 nm can be attributed to 4-(9H-carbazol-9-yl) benzamide subunit (Part A of inset in Fig. 7a ), which is a potential energy donor. Aer the addition of PA, the spirolactam ring opened and the rhodamine uorophore (Part B of inset in Fig. 7a , the energy acceptor) formed simultaneously. A good overlap of the uorescence spectrum of Part A (the energy donor unit) and the absorption spectrum of Part B (the energy acceptor unit) was observed (ESI, Part III Fig. S14 †) . In this case, the uorescence emitted by Part A was absorbed by Part B, and used as the excitation light which induced the remarkable uorescence at 586 nm. A series of control experiments were performed under the identical conditions using N-(rhodamine-B)lactam-ethylenediamine and PA in ethanol, which also proved the existence of the intramolecular FRET effect (ESI, Part III Fig. S15 and S16 †). In addition, this intramolecular FRET effect was further conrmed by the uorescence decays assay [34] [35] [36] [37] (ESI, Part III Fig. S17 †) 
Binding mode investigation
In order to reveal the stoichiometry between L and PA, mixture solutions of probe and PA with a total concentration of 200 mM (L + PA) were used in the preparation of the Job's plot of complex (L + PA) in ethanol [38] [39] [40] and the results were displayed in Fig. 8a . Obviously, the plot revealed a 1 : 1 stoichiometry for PA and L (Fig. 8a) . This binding mode was also veried by the BenesiHildebrand plots, 41, 42 which was obtained according to the colorimetric titration experiments (ESI, Part IV †). The association constant (K a ) calculated according to the Benesi-Hildebrand plots (Fig. 8b) was 5834 L mol À1 .
Sensing mechanism
1 H NMR spectroscopic titrations were performed in CD 3 OD to reveal the turn-on uorescence mechanism and identify the possible binding position of PA ( Fig. 9 and S19 †). As depicted in Fig. 9 Fig. 9 and S19 †). However, no signicant change was observed with further increasing of PA from 2 equiv. to 10 equiv. revealing that a 1 : 1 binding stoichiometry was formed between L and PA (Fig. S19 †) . Furthermore, no obvious shi for H f was observed, which suggested there was no signicant p-p stacking or electron transfer between probe and PA.
43,44
The detection mechanism of this uorescence "OFF-ON" type and "naked-eye" chemo-sensor for PA was further studied through theoretical calculations method (DFT calculation) 45 . Optimized geometries of the probe and PA as well as the energy changes are displayed in Fig. 10 It is clear that energy will be With the above results in hand, a plausible sensing mechanism was proposed, as shown in Scheme 2. The spiro-lactam ring in probe L was opened aer the addition of PA and hydrogen bonds formed between probe and PA. The formation of the delocalized xanthene motif would be response for the remarkable color changes (from colorless to pink) and uores-cence enhancement (intramolecular FRET phenomenon) of the sensor solution.
Practical application
In order to reveal the potential application of the as-synthesized probe, test strips were prepared. Filter papers were immersed in the probe stock solution and dried in air, then immersed into different concentration of PA solutions in water (50 mM, 100 mM, 1 mM, 10 mM). As shown in Fig. 11 , the pink color as well as the uorescence intensity of the test papers intensied with the increasing PA concentrations. It is worth mention that the naked eye detectable concentration is about 50 mM.
Conclusion
In summary, a FRET based uorescent and colorimetric chemoprobe for the specic detection of PA was revealed. The good selectivity and high sensitivity were demonstrated by uores-cence and colorimetric titration experiments, and an intermolecular FRET phenomenon was also observed and conrmed. The detection limit according to the colorimetric titration was found to be 820 nM, which indicating high detection sensitivity. Quantitative uorescence and colorimetric titration revealed a 1 : 1 stoichiometry for PA and the probe. A plausible mechanism was postulated according to the binding mode studies, NMR analysis and the theoretical calculations. In addition, the notable features of this probe such as good selectivity and high sensitivity make it an useful indicator for PA detection.
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